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Abstract.  Mecteorological data from the United Kingdom Meteorological
Office (UKMO), produced using a data assimilation system, and the US National
Meteorological Center (NMC), produced using an objective analysis procedure, are
compared for dynamically active periods during the Arctic and Antarctic winters of
1992, The differences seen during these periods are generally similar to those seen
during other winter periods. Both UKMO and NMC analyses capture the large scale
evolution of the stratospheric circulation during northern hemisphere (NH) and southern
hemisphere (S1) winter. Stronger vertical and horizontal temperature gradients develop
in the UKMO than in the NMC data during stratospheric warmings: comparison with
satellite measurements with better vertical resohition sugeests that the stronger vertical
temperature gradients are more realistic. The N1 polar vortex is shieghtly stronger in
the UNKMO analyses than in the NMC in the middle and upper stratosphere, and mid-
stratospheric temperatures are slightly lower, The SH polar vortex as represented in the
UKMO analyses is stronger and colder in the mid-stratosphere than its representation
in the NMC analyses. The UKMO analyses on occasion exhibit some difliculties m
representing cross-polar flow or changes in curvature of the wind ficld at very high
latitudes. In addition to the above study of two wintertime periods. o more detailed
comparison of lower stratospheric temperatures is done for all Arctic and Antarctic
winter pertods since the launch of the Upper Atmosphere Rescarch Satellite. Tn the N1
lower stratosphere during winter, NMC temperatures are consistently lower than UKMO
temperatures, and closer to radiosonde temperatures than are UKMO temperatnres.
Conversely, i the SH lower stratosphere during winter, UKMO temperatures are

typically lower than NMC, and arce closer to radiosonde temperature observations.




1. Introduction

Instruments on board the Upper Atmosphere Rescarch Satellite (UARS) have been
measuring stratospheric temperatures, winds, and constituent species since its launch in
September 1991, Among the correlative data that aid in interpretation of UARS data
arc Lwo sets of global meteorological analyses. One is provided by the UK Meteorological
Office (UKMO), the other by the US National Meteoological Center (NMC). Both
analyses incorporate measurements made by radiosondes and by the NOAA series of
polar-orbiting satellites, though the analysis techniques are quite different. The UKMO
uses a data assimilation technique to produce daily analyses of geopotential height,
temperature and winds [Swinbank and O’Nedl, 1994a). The NMC uses an objective
analysis scheme to produce daily analyses of temperatures and geopotential heights
(from which winds may be computed) [Gelman el al., 1994]. These two datasets are
both being widely used to help interpret UARS measurements; it is thus important to
determine how consistently they represent the stratospherie cirenlation. The degree
to which the two datasets agree gives an indication of the reliability of both datasets.
Where they disagree, it is sometimes possible to relate diflferences to known shortcomings
in the analysis procedures. Understanding the differences between the two datasets will
help those who wish to use meteorological data in scientific analyses to determine to
what level of detail they may rely on such data.

We begin to address these guestions by comparing UKMO and NMC temperatures,
geopotential heights, winds; and potential vorticity (PV) caleulated (rom the analyses for
dynamically active periods in the northern hemisphere (N1) and southern hemisphere
(S11) winters. T'he periods chosen for detailed consideration are January 1992 in the
NIT and mid- August to mid-September 1992 in the SH. Dynamically active periods
are chosen since differences in the analyses are likely to be most apparent at such
times. During January 1992, there was a strong stratospheric warming, which had a

lasting impact on the NI stratospheric cirenlation. The evolution of the stratospherie




circulation during this period was described by O’Nedll ¢f al. [1994] using UKMO data,

and by Rosicr el al. [1994] using temperatures measured by the Improved Stratospheric
And Mesospheric Sounder (ISAMS) on UARS. Certain aspects of the stratospheric
circulation in this period were deseribed using NMC analyses by Manney and Zurck
[1993] and Newman et al. [1993].
Several minor warmings disturbed the SH circulation in August 1992; aspects of
the stratospheric circulation during this period were described by Fishbein et al. [1993]
using temperature and ozone data from the Microwave Limb Sounder (MLS) on UARS,
by Manney et al. [1993] using MLS ozone and NMC analyses, and by Manney el al.
1994a) using, UKMO analyses.
In addition to understanding the general patterns of differences between the
wo datascts, many rescarchers are particularly interested in detailed information on
high latitude wintertime lower stratospheric temperatures. These are nmportant in
studies of lower stratospheric chemistry and microphysics, including polar stratospherte
cloud (PSC) formation, chlorine chemistry and ozone depletion. Because the lower
stratospheric temperature retrievals from UARS instruments are not for the most part
currently consistently useful for scientiflic analyses, rescarch in this arca is particularly
dependent on analyses such as the NMC and UKMO. We therefore include here a section
discussing more detailed comparisons of lower stratospheric temperatures, including
some discussion of differences between UKMO and NMC analyses during cach winter

simee the UARS launch.

2. Data and Analysis
2.1. The UKMO assimilation system

The UKMO data assimilation system is a development of the system used to
A ] A

analyzce observations for operational weather forccasting, as described by Lorene et al



[1991]. The stratospheric assimilation system is described in detail by Swinbank and
O’Nedl [1994a). At the heart of the assimilation system is a global numerical model
of the atmosphere extending from the surface to the lower mesosphere, covering the
stratosphere with a vertical resolution of about 1.6 km. The horizontal resolution of the
model is 2.5° latitude by 3.75° longitude.

As the model is integrated forward, its fields are adjusted towards the observed
data at each time step. The weight given to each observation depends on the diflerence
between the model and observation time, so observations are given most weight at the
exact time they are valid. The repeated insertion ensures that the model is gradually
adjusted to new observations, so a measure of dynamical balance 1s maintained. 1t also
ensures that slowly varying modes of the model are preferred; these generally correspond
to the atmospheric motions that we wish to study. The weights given to the observations
also take into account the expected accuracy of the observations, so that the evolving
state of the numerical model is a realistic representation of the state of the atmosphere
to within the assumed crrors.

Before being assimilated into the model, observations are put through a quality
control stage. Obscrved values are checked against values from a numerical forecast
from an carlicr analysis. On the basis of expected errors in the observation and forecast,
a statistical check is carried out to assess the possibility that cach observation is grossly
in error. Any crroncous data arc not passed to the assimilation. After the assimilation
has been completed, a datasct of statistics on dala and model acenracy is compiled.

Itach day, the numerical model is run {for 24 hours in data assimilation mode. At
the end of this period (at 12 GMT daily) the model writes out a set of analyzed fields
interpolated to the standard UARS pressure levels from 1000 hl’a to 0.316 hPa. The
horizontal resolution of the fields is the same as in the numerical model. These analyses

arc supplied to the UARS Central Data Handling Facility (CDIY).
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2.2. The NMC analysis system

The NMC objective analysis system is a modified Cressman analysis for pressure
levels from 70 hPato 0.4 111's [PMinger el al., 1965; Geluan and Nagatani, 1977]. A
number of changes to the analysis and data used are documented by Gelman et al.
[1986] and Finger et al. [1993]. The NMC analyses in the NII are based exclusively
on data from the NOAA series TIROS Operational Vertical Sounders (TOVS) in the
upper stratosphere [Gelmman et al., 1994]. In the NH lower stratosphere (10 hPa and
below), rawinsonde data are used [Gelman et al., 1994; Finger of al., 1965]. Analyses at
and below 100 hPa are from the tropospheric analysis and forecast cvele [Derber et al.,
1991]. In the SH, exclusively satellite data are used from 70 hPa to 0.4 hPa [Gelman et
al., 1994).

The current NMC analysis method is described in more detail by Gelman et al.
[1994]. TOVS information from the NOAA 11 satellite constitute the data used for upper
stratospheric analyses at 5, 2, 1 and 0.4 hPa in the northern hemisphere, and throughout
the stratosphere in the southern hemisphere. Temperature profiles are provided to NMCO
as laycer mean temperatures between standard pressure levels. Geopotential heights
arc derived using these to calculate thicknesses via the hyposometric equation. The
NMC 100 hPa height analysis is used as a base height to obtain heights above 100 hPa.
Temperatures are derived by log-lincar interpolation between the given TOVS Jayer
mean temperatures. These heights and temperatures are then analyzed on a 65 by 65
polar stercographic grid. The NMC ficlds are produced cach day for 12 GMT| using
12 hours of TOVS data from 6 to I8 GMT to provide full global coverage. In the NI,
70, 50, 30 and 10 hPa rawinsonde data are analyzed using a successive approximation
scheme, with the first guess being the analysis of TOVS derived temperature and
geopotential height. T'hus, in the NH, the NMC temperatures are closely fitted to
radiosonde temperatures where such measurements are available.

Finger el al. {1993] compared NMC upper stratospheric temperature analyses with
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rocketsonde and lidar data, and suggested a set of offsets that shonld be subtracted
from NMC temperatures at and above b hPa. The measurements used in [inger et
al.’s [1993] comparison were all in the NI, and predominantly at middle latitudes; the
suggested corrections are based on comparisons during a number of different seasons and
meteorological conditions. Fishbein e al. [1995] showed that differences hetween NMC
temperatures (with the suggested biases subtracted) and temperatures from MLS in
the upper stratosphere were greater at high latitudes than at middle and low latitudes
during both NI and SH winter. Dudhia and Livesey [1995] showed similar results when
comparing, “corrceted” NMC temperatures with ISAMS data. As noted by Finger et al.
[1993], the biases between NMC and rocketsonde and lidar data are strongly aflected by
dynamical variations, and the corrections are of greatest value for studies of relatively
long term trends and climatology. For the comparisons we present here of short term
evolution during dynamically active periods, the suggested biases are not subtracted
from the upper stratospherie fields - the comparisons shown are for NMC and UKMO
analyses as they are distributed on the CDHI.

The NMC data are provided to the CDHIEF on the 65 by 65 polar stereographic
grids for cach hemisphere, on 18 standard pressure levels, from 1000 to 0.4 hPa. For this
study, NMC fields are interpolated using a cubic spline to the standard UARS pressure

levels, and to a 4° latitude by 5° longitude horizontal erid.

2.3 Analysis

The archive of NMC data does not include wind fields above 50 hPa. All the NMC
wind fields used in this study are calculated, on the NMC polar sterecographic grids,
from geopotential heights nsing a form of the primitive equations that neglects the
vertical advection and time tendency terms [Randel, 1987; Newman el al., 1989]. The
resulting wind ficlds, together with other NMC analysis ficlds, arc interpolated to a 4°

latitude by 5° longitude grid, similar to grids typically used for plotting UARS data.




UKMO wind ficlds are produced as an integral part of the data assimilation. They
are determined both by actual wind observations (primarily in the troposphere and
lower stratosphere), and by wind information inferred from temperature measurcments
in a dynamically consistent manner by the assimilation procedure. Before any UKMO
ficlds are plotted, they are first interpolated to a polar stercographic grid like that used
for the NMC data, and then to the 4° latitude by 5° longitude grid.

A number of derived products are calculated and archived on a daily basis from
both UKMO and NMC data. These include potential temperature (0), zonal and
meridional winds, and Rossby-Frtel potential vorticity (1'V),

PV gl )

()])
where (p is the component of relative vorticity orthogonal to the 0 surface, and
[ = 2Qsin(latitude) is the planetary vorticity. Potential vorticity is calculated on a
polar stercographic grid from both UKMO and NMC data, using an algorithim based
on that given by Newman ct al. [1989]. All products arc interpolated to a 4° latitude
by 5° longitude grid before plotting. For quantities such as PV, which are useful when
displayed on an isentropic surface, isentropic surfaces were defined that lie near the
UARS pressure levels, and products are routinely produced on these levels.

In this paper, we show what we consider to be the hest product derived from cach
dataset. Hence, winds shown for the UKMO data are those produced by the assimilation
model. To illustrate some of the limitations of the wind caleulation used for NM O data,
FFig. 1 shows the diflerence between winds calculated from the UKMO geopotential
heights and winds produced by the UKMO assimilation system. The plot shows the
differences in zonal mean wind on 11 Jan 1992, necar the beginning, of the Jannary
1992 stratospheric warming. The largest. differences are confined to the tropies, where
the wind calenlation is not expected to do well [Randel, 1987], but where the UKMO

analyses have been shown to produce realistic structures, such as the quasi-biennial
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oscillation and semi-annual oscillation [Swinbank and O’Neill, 1994b]. Tor the polar
regions, which are the focus of this study, the approximate winds arc in good agreement
with the winds from the assimilation procedure, except at the very highest latitudes
above about 5 hPa, where the UKMO assimilation model ocecasionally has problems
with cross-polar flow (sce below). Figure 2 shows 840 K PV maps produced from
UKMO data using the caleulated winds, and the winds from the assimilation procedure.
Differences are very small, and at relatively small scales, giving the field produced
using the calculated winds a somewhat more “lumpy” appearance than that produced
using the winds from the assimilation model. Closer comparison of these fields shows
no significant differences in the larger scale characteristics, for instance, the maximum
PV gradients along the vortex edge are virtually identical. This snggests that, away
from the equator, we can reasonably compare fields from NMC with winds derived by
the procedure described above with fields derived using the UKMO assimilation model

winds.

3. Northern Hemisphere, January 1992
3.1. Time Evolution of Temperatures and Winds

Fig. 3 shows time series of zonal mean temperatures as a function of latitude at 10
hPa for January 1992, from UKMO (Iig. 3a) and NMC (Iig. 3b) analyses, and the
difference between the two (IMg. 3¢). A strong stratospheric warming occurred during,
the period 8 to 12 January: at 10 hPa zonal-mecan temperatures increased by about 35
K in three days. Although high-latitude NMC temperatures are slightly higher overall
through the period, the two analyses give much the same picture of the temperature
variations during the warming. There are, however, two short periods when there ave
significant temperature differences between the analyses. The first is during the buildup

of the warming, when strong horizontal and vertical temperature gradients develop.
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NMC temperatures are up to 12 K higher than UKMO temperatures in the zonal mean.
This diflerence corresponds to a slightly delayed onset of strong warming in the UKMO
analyses. During the onset of the warming, a strong cross-polar jet developed in the
stratosphere [c.g., O’Neill et al., 1994], leading to incressed numerical errors in the
UKMO grid-point model at polar latitudes. The second period of large zonal-mean
temperature diflerences is towards the end of the warming on 18 January, when NMC
temperatures are up to 14 K higher than UKMO temperatures in the zonal mean. Small
errors of position of the cross-polar jet and associated strong temperature gradients
can appear as large diflerences in zonal-mean temperatures at high latitudes. South of
about GH°N, zonal-mean temperature differences are almost always less than 2 K.

A similar plot of zonal-mean temperatures at 46 hPa frorn UKMO and NMC
analyscs, and the diflerence between the two is shown in Fig. 4. Temperature difference
equatorward of 65°N arc less than about 1 K. Poleward of this, UKMO zonal mecan
temperatures tend to be higher than those from NMC by 1 to 2 K. The exceptions to
this are at extremely high latitudes at the onset of the warming, whichi is carlier in NMC
than in UKMO analyses, and around 19-21 January, after the peak of the warming.
Lower stratospheric temperatures will be discussed in more detail o Section 5.

In the upper stratosphere, at 1 hPa, Iig. 5 shows that NMC temperatures are
systematically lower than UKMO temperatures. This bias is larger at middle and low
latitudes (4 to 6 K), and for short periods at high latitudes when there is cross-polar
flow. Finger el al. [1993] reported a cold bias of 6.2 K in I hPPa NII NMC temperatures.
This agrees well with the bias between NMC and UKMO temperatures at middle and
low latitudes. As was the case at 10 hPa, the onsct of the warming is slightly later in
the UKMO data, leading to the positive difference on about 10 January.

The following figures compare UKMO and NMC zonal mean winds during January
1992. Fig. 6 shows 10 hPa zonal mean zonal winds fromi NMC and UKMO analyses,

and the diflerence between the two. Before and after the warming, maximum UKMO
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winds are slightly stronger than winds caleulated from NMC analyses. The stratospherie
warming is accompanicd by rapid deccleration of the zonal-mean westerly winds at
middle and high latitudes. The evolution of zonal-mean winds is gqualitatively similar in

Vin zonal wind

the two analyses, but there are significant differences of up to 15 ms™
speed at high latitudes, consistent with the large differences in polar temperatures noted
above. After about 20 January, the zonal mean jet in the UKMO analysis is centered
at higher latitude than in the NMC analysis. The method used to compute winds from
the NMC analyses has not introduced a noticeable bias in the winds derived from NMC
temperatures.,

In the lower stratosphere, at 46 hPa, we sce in IMig. 7 that, equatorward of about
65°N, wind diflerences are gencrally less than 5 ms™'. Noticeable diflerences are seen
only ncar the pole at the onset of the warming, and in late January, when, as in the
middle and upper stratosphere, the jet maximum is closer to the pole in the UKMO
than in the NMC analyses.

Iig. 8 shows zonal mecan winds at 1 hPa, and the difference between UKMO and
NMC zonal-mecan wind at that level. Weaker NMC winds from about 30° to 70°N
beginning around 10 January are consistent-with the carlier onset of the warming in
the NMC analyses. UKMO winds are stronger near the pole from approximately 12
to 16 January, as casterly winds in the UKMO data hecome about 10 ms™ ! stronger
at the peak of the warming than do NMC winds. Elsewhere in this period, diflerences
between UKMO and NMC winds are small except at very high latitudes, indicating
that the bias scen in NMC temperatures at this level does not have a strong impact on
the calculation of winds from NMC analyses.

The time evolution of zonal-mean temperatures at a function of height at 68°N,
and the difference between UKMO and NMC analyses, is shown in Fig. 9. The strong
warming between approxima ely 8 and 18 January is preceded by a weak warming that

allects only levels above 10 h a. Higher NMC temperatures at the beginning of January




suggest that the onset of this weak warming is also carlier in NMCO than in UKMO
analyses. During most of the strong warming, in particular before abont 13 January, the
UKMO analysis shows stronger vertical temperature gradients than the NMC analysis.
The increase in temperature at the highest levels is more vapid in the UKMO than in the
NMC analysis, with the UKMO field obtaining maximum temperatures on 12 January,
and the NMC on 14 January. A cold bias in NMC analyses is apparent above about 2
hPa. Below about 20 hPa, there may be a slight cold bias of up to approximately 1 K
of NMC with respect to UKMO temperature, as was apparent in Fig. 4. Diflerences
in similar vertical sections of zonal-mcan winds (not shown) are consistent with the
results previously shown. The main diflerences between UKMO and NMC analyses are,
as noted in the horizontal sections, that both casterly and westerly winds arve stronger
in the UKMO analyses in the upper stratosphere, and that the onset of the warmings

occurs slightly carlier in the NMC than in the UKMO analyses.

3.2. Synoptic Fields

The synoptic evolution of the stratospheric circulation in January 1992 has been
deseribed by several anthors, including Naujokat ot al. [1992], Mawicy and Zurck
[1993], O'Nedll el al. [1994], and Farman ol ol. [1994]. An anticycloue, the “Aleutian
high”, which is a climatological feature in the NI mid-winter stratosphere, was present
before the onset of the warming [e.g., Rosicer e al., 1994]. with a strong cross-polar jet
between the eyclone and anticyclone. The Aleutian high intensifies during the warming,
temperatures rise sharply in the jet stream between the two vortices, and the cyclone
weakens [e.g., O 'Nedl ef al., 1994]. As was apparent in the differences between UKMO
and NMC! analyses shown in the previous section, largest differences between the two
datasets are scen during the warming, before its peak.

Iig. 10 shows UKMO and NMC 10 hPa geopotential height and temperature on

11 January, in the midst of the warming, and the difference between NMCO and UKMO
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geopotential heights and temperatures. The most apparent diflerence between UKMO
and NMC goopotential heights is in the position of the vortex, which is shifted slightly
castward in the UKMO with respect to the NMC, leading to differences up to about
500 m on the castern and western poleward flanks of the jet. As expected, largest
temperature differences are in the region of strong temperature gradients, between
the cyclone and anticyclone. with stronger temperatures gradients in the UKMO data
leading to differences up to 25 K locally. The pattern of temperature differences on
11 January is typical of most days during this period; however, there are some days
during this period, run with an ecarlier version of the assimilation system [Swinbank and
O’Neill, 1994a) when significant problems with cross-polar flow in the model give rise
to unrealistic patterns in the UKMO analyses. Temperature diflerences away from the
region of strong gradients typically lie in the range -5 K to -+5 K. Diflerences between
NMC and UKMO gcopotential height and temperatures fields on other days during
the period studied are typically less than on 11 January, but the patterns are similar,
with maximum differences in regions of strong temperature gradients. In general, the
maximum horizontal temperature gradients in the UKMO fields are somewhat stronger
than those in the NMC, as is seen on 11 January 1992,

A qualitatively similar situation is seen. at 1 hPa (Fig. 11). At this level, the
intensification of the Aleutian high is more pronounced. Comparison with Fig. 10 shows
that a westward and equatorward tilt of the vortex with height has developed [e.g.,
Farman el al., 1994], as commonly happens during stratospheric warmings [e.g., Fairlic
et al., 1990; Manney et al., 1994b]. As at 10 hPa, the vortex in the UKMO analysis
is shifted castward with respect to the NMC, giving 1ise to maximum geopotential
height differences up to approximately 800 m. The I hPa UKMO temperature fields are
somewhat noisy, likely due to the proximity of the model top [Swinbank and O’Nedll,
1994a]. The maximum temperature differences are up to 10 K, in the region of strong

temperature gradients between the eyclone and anticyclone, on 13 January. Away {from



the polar region of strong temperatures gradients, NMC temperatures are generally
lower than UKMQ, a reflection of the known cold bias in NMC at that level.

As noted above, a strong baroclinic zone in temperature forms during the warming
[c.g., Farman ¢t al., 1994], with the warmest air at 1 hPa (Fig. 11) overlying the
coldest air at 10 hPa (Fig. 10). In Fig. 12, we show a cross-section through this
baroclinic zone in UKMO and NMC analyses. Fig. 12 comprises a cross-section of
temperature along the 60°N Jatitude circle from NMC and UKMO, and the difference
between the two, on 11 January. A strong baroclinic zone is apparent from about 30
to 2 hPa. Vertical temperature gradients on 11 January between 10 and 3 hPa in the
NMC field are ~7 K/km; those in the UKMO field are ~10 K/km. Closer examination
of vertical temperatures gradients along other sections and on other davs during the
period indicates that the UKMO fields usually have stronger vertical and horizontal
temperature gradients in the region of strongest temperature gradients.

A common concern with meteorological analyses such as these is their ability to
resolve sharp vertical structures such as baroclinic zones in temperature. Because
most of the stratospheric data involved in these analyses is from operational sounders
with very broad weighting fanction peaks, and only a few channels i the regions of
interest, the vertical resolution of these datasets is considered to he poor. The use
of an assimilation model such as in the UKMO analyses may allow the model to
predict smaller vertical structures. Analyses of limb-sounding satelhite data with better
vertical resolution from 1ISAMS [e.g., Rosicr et al., 1994] suggests that actual vertical
temperature gradients are, in fact, sharper than those in cither of the analyses shown
here.

Many studies use PV to examine the evolution of the stratospheric polar vortex.
Because of the differentiation involved in calenlating PV, differences in the ficlds are
magnificd in the calculated PV, Iigure 13 shows PV maps on 11 January calculated

from UKMO and NMC analyses, at 465 K (near 50 hPa, lower stratosphere), 840 K




(ncar 10 hPa, middle stratosphere), and 1450 K (near 2 hPa, upper stratosphere).
Throughout the period studied, differences in the lower stratosphere are in points of
detaill, i.e., small differences in the shape of the vortex, the local strength of the PV
gradients, and the continuity of tongues of PV pulled off the vortex (e.g., ncar 40°N
and 0° to 90°W in Fig. 13). In the middle stratosphere, PV gradients around the
polar vortex are slightly stronger in the UKMO than in the NMC ficlds. Differences in
the position of the vortex seen in Fig. 10 in the geopotential height fields are not as
apparent here. The NMC PV fields tend to have a “scalloped” appearance, especially
at low latitudes. This probably results from the effects of the NMC analysis on data
from satellite orbit tracks that are, at low latitudes, widely spaced. The PV calculation
also magnifies small diflerences that, in the geopotential height and temperature fields,
may not be immediately visible - note that the difference fields shown in Figs. 10 and
11 do show significant structure on the scale of these “lumps”, away from the regions of
largest diflerences. The wind calculation also tends to give slightly “luompier” fields, as
discussed 1 Section 2.3, At 1450 K in the upper stratosphere, maximum PV gradients
arc noticeably higher in the UKMO than in the NMC ficlds, and maximum PV values
arc also higher; this makes the vortex appear larger in the UKMO than in the NMC
field. The “scalloping” in the low latitude NMC PV is again apparent, but indications
of material drawn ofl the vortex and around to near 90°1) can be scen in both NMC and
UKMO ficlds. PV calenlated from the UKMO analyses is generally found to get noisier
at higher levels) as is apparent in the 1450 K UKMO PV field; these sinall scale features

arc not thought to represent real atmospherice structure.

4. Southern Hemisphere, August-September 1992
4.1. Time Evolution of Temperatures and Winds

Iishbein et al. [1993] showed the evolution of MLS temperatures during a series




of minor warmings in late August and carly September 1992 in the SII stratosphere,
The synoptic evolution of the flow during this time was briefly shown by Manncy et al.
[1993], and by Randel ¢t al. [1993], both usin'g PV derived from NMC analyses. A series
of three minor warmings ocenrred, with the strongest wave activity around 5 Sep 1992,
These warmings were strongest in the middle and upper stratosphere, and did not have
a large offect on the lower stratosphere [Mishbein of al., 1993; Manncy et al., 1993], as is
typical of minor warmings in the SII.

Figure 14 shows time series of zonal mean temperatures as a function of latitude at
10 hPa, for 15 August through 14 September 1992, from UKMO and NMC analyses,
and the difference between the two. Temperatures near the pole increase by about 15 K
in 3 days starting on about 2 September. As was the case in the NI, the temperature
increase begins slightly carlier in the NMC than in the UKMO data. T'he increase s
also slower in the NMC data. As can be seen quite clearly in the diflerence plot, 10 hPa
temperatures are higher in overall in the NMC than in the UKMO data. The diflerence
increases dramatically at high latitudes; poleward of 72°, NMC temperatures are more
than 6 K warmer through most of this time interval. Although temperature gradients
were also stronger in the UKMO data in the NH, the overall warm hias of the NMC
with respect to the UKMO was small there, no more than 2 K. This diflerence in zonal
mean temperatures was also noted by Swinbank and O’Nedll [1994a]. The diflerence is
larger during the strong minor warming, indicating that this event is having less of an
effect on the UKMO than on the NMC fields.

_ Similar time series of 46 hPa temperatures are shown in Figure 150 A slight increase
in temperatures around H September is the only noticeable effect of the warming here.
The timing of this at high latitudes appears similar in both ficlds, although the warming,
near 40°S begins carlier in the UKMO field. As at 10 hPa. the most noticeable difference
in the fields is that UKMO temperatures are lower than NMC temperatures, especially

at high latitudes, where differences are from 0.5 to 1.5 K before the warming, and as




large as 3.5 K during the warming. There is thus less warming in the UKMO zonal
mean temperatures at high latitudes as a result of wave activity at this time; however,
at about H0°S, there is more warming in the UKMO than in the NMC field.

At 1 hPa (not shown), differences between NMC and UKMO fields are similar to
those reported for the NII. NMC temperatures are overall approximately 3-5 K lower
than UKMO temperatures at high latitudes, a bias slightly smaller than that seen by
Finger ¢l al. [1993] for N1 NMC temperatures with respect to rocketsondes. The time
evolution of temperature is similar in both fields, with slight differences near the pole.
The warming is much weaker at 1 hPa than in the mid-stratosphere.

The stronger latitudinal temperature gradients in the UKMO data result in a
stronger polar night jet, as shown in Figure 16 at 10 hPa. Maximum zonal mean winds
in the UKMO are 8 to 10 m/s higher than in the NMC, and the location of the jet
maximum in the UKMO data is slightly poleward of that in the NMCO data. The effect
of the minor warming can be secn around 4 September, when maximum winds decrease
by about 20 - 30 m/s. Zonal mean winds throughout the stratosphere (not shown) have
very similar differences between UKMO and NMC. At cach level the jet in the UKMO
data is poleward of and stronger than that in the NMC data.

Figure 17 shows time series of zonal mean UKMQO and NMC' temperatures as
a function of pressure at 68°S. The development of the warming can be seen to be
somewhat slower in the NMC than in the UKMO field, as was apparent in the 10 hPa
temperatures (I'ig. 14). From approximately 10 to 3 hPa, UKMO temperatures are
lower than NMC, with the largest diflerences of about 6 K near 10 hPa. Above 3 hl’a,
the cold bias in the NMC data is apparent. A similar section of zonal mean winds 1s
shown in Figure I8, As noted above, UKMO winds are stronger than NMC at all levels.
Although the winds do not decrease as much in the UKMO data, the decrease that
occurs around 4 September is more rapid than the corresponding incrcase in the NMCO

data, especially in the upper stratosphere.




4.2 Synoptic Fields ‘

Figure 19 compares 10 hPa geopotential heights and temperatures from NMC

and UKMO data on 4 September, near the peak of the warn ing. NMC temperature

are substantially warmer almost everywhere, with a strong dipole pattern in the
difference field centered near 7008, 70°), where UKMO temperature gradients are
stronger. Gradients around the vortex are stronger in the UKMO geopotential height

field than in NMC, with the largest diflerences colocated with the large temperature

differences. ‘The generally positive differences poleward of 60° and negative difference
equatorward are indicative of the stronger polar vortex in the UKMO fields. All these
differences are typical of the diflerences on any day between UKMO and NMC fields,
but the magnitudes of the differences are larger during this minor warining, Figure 20
compares geopotential heights and temperatures on the same day at 1 hPa. At this
level, a difference in position of the vortex between UKMO and NMCO data is apparent,
leading to a strong dipole pattern in the geopotential height difference field. Largest
temperature d Terenees are again in the region of s Jong temperature gradients. A cold
bias in NMC is again apparent in the generally negative temperature difference field.

As noted by Fishbein el al. [1993], a substantial baroclinic zone forms in the

temperature field at the time of the minor warming. IFigure 21 shows a latitude/pressure

ction of UKMO and NM(C' temperatures around the 60°S latitude cirele, and the
difference between the two fields. Between approximately 10 and 3 hPa, the NMC
fields have maximum vertical temperature gradients of ~4.5 K/km, while the UKMO
pradients are ~5.5 K/km. MLS temperatures, although currently only retrieved with a
vertical spacing of about 5 km, have even sharper vertical temperature gradients at this
time [Fishbein o al., 1993], suggesting that the true vertical temperature gradients are
in fact atl least as strong as any of those shown here.

Figure 22 shows PV maps at 465, 840 and 1450 K, on 4 September. As suggested

in the UKMO than in the NMC field

by the previous discussion, the vortex is strong
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at cach level, with most obvious differences at 840 K. At 840 K, the vortex in UKMO
data 1s noticcably more symmetric, consistent with the weaker eflect of the warming

seen the previous figures. At 1450 K, however, the anticyclonic circulation is stronger in
the UKMO than in the NMC data, so that the vortex, although slightly stronger, is not
morce symmetric. The “scalloped” pattern appears at low latitudes in the NMC PV, as
noted in the northern hemisphere. Both UKMO and NMC fields show long tongues of

material being stripped ofl the vortex edge at 840 and 1450 K.

5. Lower Stratospheric Temperature Differences

Some biases between NMC and UKMO lower stratospheric temperatures were
noted in the zonal means shown above. Many studies of lower stratospheric chemistry
and microphysics depend eritically on lower stratospheric temperatures. In many
cascs, analyses such as the UKMO and NMC are the only global {or hemispheric)
temperature datasets available in the lower stratosphere, as temperatures from most
of the limb-sounding UARS instruments are not, at present, adequately retrieved at
these levels (ISAMS temperatures are considered useful in the lower stratosphere, but
are available only for a very limited time period [Dudhia and Livescy, 1995]). We
take a closer look here at differences between NMC and UKMO lower stratospheric
temperatures during the winters since the launch of UARS.

Iig. 23 shows the difference (NMC-UKMO) between NMC and UKMO high
latitude minimum daily temperatures on the 465 K (~50 hPa, a level that has been the
focus of many studies of lower stratospheric dynamics and chemistry) isentropic surface
for December through March in each of the NH winters when both datasets arve available.
The minimum temperatures are for the region with PV > 0.25 x 1077 K m? kg ! s71,
an approximate definition of the edge of the polar vortex during winter. Noted on each
panel is the average difference over the period shown. The period December through

March covers essentially all of the times when temperatures less than or near type 1 PSC




formation temperatures have been observed [e.g., Zurck ot al., 1995]. Although most
of the individual daily differences are within the combined uncertainty in the UKMO
and NMC lower stratospheric temperatures [Gelman et al., 1994; Swinbank and O’Neill,
1994a], the diflerences are by no means random. Through most of the winters, the NMC
temperatures are lower than the UKMO, with most of the individual days’ differences
falling between 1 and 3 K. Two notable exceptions to this are in late December and
carly January 1992, and in mid-January 1994. These are both times of particularly
strong wave activity in the NH - the latter part of the 1992 period bhas been discnssed
above, and the January 1994 period immediately follows a strong warming [e.g., Manney
et al., 19944].

In December 1991 and January 1992, a number of adjustments were made to the
UKMO assimilation procedure [Swinbank and O’Neill, 1994a); although these mainly
affected the upper stratosphere, some changes in a diagnostic as sensitive as this one
in the lower stratosphere may have taken place. During the relatively quiet and cold
winters of 1992-93 and 1994-95 [c.e., Zurek el al., 1995], there are few days when UKMO
temperatures arce as low as NMC temperatures. Higher temperatures in the UKMO
analyses are generally consistent with there being, somewhat stronger wave activity in
the UKMO analyses. Newman et al. [1993] showed that for December 1991 through
February 1992, the NMC lower stratospheric minimum L(‘mp(':rratnr(‘s were very close to
those from radiosondes, except on a few of the coldest days when radiosonde mimimum
temperatures were 1 to 2 K lower. As was seen in Fig. S) the region where UKMO
temperatures are typically higher than NMC temperatures in the NI is confined to the
lower stratosphere, helow about 22 hPa; above this, UKMO temperatures are slightly
colder in general than NMC, as diseussed above.

We have compared both UKMO and NMC analyses with temperatures from
radiosonde observations in the lower stratosphere for selected days during the unusually

cold 1994-95 winter. In order to compare the ability of cach analysis scheme to represent



the coldest temperatures in the lower stratosphere, we present statistics showing how
well cach analysis fits the radiosonde data when the observed temperatures is less
than 200 K. Table 1 summarizes the comparisons for pressures near 50 hPa, and
Jatitudes from 60° to 76°N. Average and rms differences between UKMO and radiosonde
temperatures, and between NMC and radiosonde temperatures are given. When
considering only observed temperatures less than 200 K, both NMC and UKMO are
significantly higher than the radiosondes. This indicates that neither analysis system is
completely suceessful in capturing the coldest observed temperatures.

The above analysis, however, does not give a statistically fair measure of the actual
biases between the radiosonde observations and analyses, since it does not include
cases when the analyzed temperatures were very cold, and the observed temperatures
were less cold. Table 1 also shows the equivalent comparisons between analyzed and
radiosonde temperatures for all observations near 50 hPa, to give a more complete
picture of the biases and rms diflerences. In cases where the bias indicated is not
statistically significant al the “20” level, the numbers for average bias are italicized.
The table shows that the NMC values are close to the radiosonde values in the northern
hemisphere, while the UKMO values tend to be higher.

Fig. 24 shows the temperature differences as a function of pressure, a subset of
which were used to calculate the 1" < 200 K differences in Table 1, for 14-15 January
1995 and 28-30 January 1995. What is most apparent in the 14-15 January case is the
scatter of both NMC and UKMO temperatures about the radiosonde values. Iig 24b,
for 28-30 January is an example of a time when there are the largest differences between
minimum UKMO and NMC values (Fig. 23); Fig. 24D indicates that, at levels above
approximately 70 hPa, both UKMO and NMC' are warmer than radiosondes, hut with
more of the UKMO comparisons showing a warm bias, and a distinct increase in the
UKMO bias with increasing altitude. 28-30 January is during a strong stratospheric

warming, and thus is a period which is partienlarly difficult for the analyses to fit,




Since the NMC NI analyses rely so heavily on fitting to radiosonde measurements
where they are available, while the UKMO analysis more equally weights satellite and
radiosonde temperatures, it is perhaps not surprising that NMC temperatures are closer
to radiosonde temperatures in the N1 ]ower‘stralosplwrv than UKMO temperatures, or
that the UKMO bias increases with height, as the number of radiosonde measurements
used in their analyses decreases.

I'ig. 25 shows a plot similar to Fig. 23, but for May through September in
the three SH winters for which both datasets are available. As was noted above for
August 1992 zonal means (Figs. 15 and 17), the UKMO minimum lower stratospheric
temperatures are nearly always lower than NMC temperatures in the SH late winter.
UKMO temperatures also appear to usually be lower than NMC during May. In the
middle of the winter, NMC and UKMO temperatures show no clear bias, except for a
brief pertod in July 1992, when NMC temperatures are lower. During the period in
July 1992, the NMC temperatures drop several degrees over a few days, whereas the
UKMO temperatures drop only slightly; the reason for this decrease is not immediately
apparcent. Massic el al. [1994] compared hoth UKMO and NMC temperatures with
radiosondes i the S during August 1992, and found that UKMO temperatures were
closer to radiosondes.  Gelbnan and Newman [1988] found that NMC temperatures
in August and September 1987 were generally higher than radiosonde measured
temperatures at the south pole, near the area of minimum temperatures, at 30 and 50
hPa, but did not show an obvious bias at stations where temperatures were warmer.

Table 2 summarizes comparisons between NMO and UKMO temperatures and
radiosondes in the SH for periods during cach month of the 1993 winter. As in Table
I, we show rms and average differences for measurements between 34 and 56 hPa, and
G60° and 76°S, for radiosonde measurements with T < 200 K, and for all radiosonde
measurements in the pressure and latitude range. Both UKMO and NMC biases are

small (although most are still significant at"the “26” level) during the May, Junc



and July periods studied. The U KMO analyses during June and July, and during
May when measurements at all temperatures are included, are on the average colder
than radiosondes, while the NMC analyses are warmer throughout the winter. During
August and September, while the UKMO biases remain small, NMC temperatures are
substantially warmer than radiosondes, by about 2 KK on the average. Fig. 26 shows a
plot of differences versus pressure for the measurements used to get the T < 200 K values
in Table 2, for 11-19 Aug and 11-19 Sep 1993, The NMC values show an increasing
warm bias with increasing altitude during both periods. The UKMO analyses show a
similar increasing warm bias with height during 11-19 August, but it is not as strong as
in the NMC analyses. '

As noted in Section 2, one significant diflerence between the two analysis systems
is thal radiosondes are not used in the SH in the NMCO lower stratospheric analyses,
whereas they are used in the UKMO procedure. Sinee the satellite measurements used
in both analyses are measured over a broad layer, it is not surprising that the UKMO
temperatures are closer to radiosondes. However, in the northern hemisphere, the NMC
analyses procedure fits the radiosondes more closely than the UKMO because it gives
more weight to the radiosonde observations. What is not immediately clear is the cause
of the apparent scasonal pattern of the differences between UKMO and NMCO analyses
(Ig. 25 Table 2). Based on the Table 2 values for all temperatures, there does not
appear to be an obvious diflerence throughout the period in the number of radiosonde
mecasurements available. 1t is likely that a cold bias in the UKMO assimilation model,
possibly attributable to the radiation scheme, may nudge the UKMO analyses towards
more rapid cooling in carly winter, and slower warming, in late winter, than what wonld
be reflected in the purely satellite based NMC SI analyses. 1t is also possible that the
differences are larger because the carly and late winter periods are more dynamically
active; however, 1993 was the least dynamically active of the three winters throughout,

but does not show noticeably smaller differences in Fig. 26.
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6. Discussion anti Summary

Both the UK Mecteorological Oflice and National Meteorological Center analyses are
now available for the four northern winters and three southern winters, since the launch
of the UARS satellite. We have compared i some detail the stratospheric circulation
represented in those two meteorological data sets, for a dynamically active winter period
in each hemisphere.

Many of the differences noted for the periods studicd in detail are typical of
differences during other wintertime periods. During all northern hemisphere warmings
that have been examined, the horizontal and vertical temperature gradients along the
edge of the vortex are stronger in the UKMO than in the NMC analyses, as was shown for
January 1992. Comparisons with high vertical resolution satellite temperatures suggest
that the steeper temperature gradients in the UKMO fields are more realistic (although
they still underestimate the real gradients in the atmosphere). The assimilation model
used in the UKXMO analyses is free to simulate smaller scale structures than those
represented in the satellite observations, while the vertical interpolation procedure
used for layer-mean temperatures in the NMC analysis probably introduces additional
smoothing.

The UKMO grid-point model used for the assimilation at times has problems
representing strong cross-polar flow. As was noted in scction 3, such problems were
particularly severe in the analyses for some days in Jannary 1992, Several adjustments
were made to the assimilation parameters around this time [Swinbank and O’Nedl,
19944], which helped lessen the severity of such problems. The January 11 analysis
shown above (Figs 10-13) was run a few months behind real time, with an updated
version of the assimilation model. Some days in and before January 1992, run with
carlier versions of the model show unrealistic structure in the fields at high latitudes
due to these problems. The 13 January 10 hPa temperature field shown in Fig. 27 is an

example of one of the poorer fields; note the unrealistically strong gradients at very high




[

latitudes near 90°1. In examining stratospheric warmings in succeeding winters, when
there was also strong cross-polar flow, we have not identified any other problems of the
same severity.

During relatively undisturbed periods in the northern hemisphere winter similar
patterns of difference are scen, although the differences are generally smaller. Fig. 28
shows a time-series for mid-December 1994 to mid-January 1995 of differences hetween
NMC and UKMO 10 hPa zonal mean temperatures and winds. T'his was an unusually
quiet period in the NH winter [e.g. Zurck of al., 1995]. As was found during undisturbed
periods in the 1991-92 winter, high latitude UKMO temperatures arc up to a few degrees
colder than NMC temperatures, and high latitude UKMO winds are up to about 10
m/s stronger than winds calculated from the NMC analyses. These patterns are similar
to those scen in the quicter SH middle stratosphere (e.g. Figs 14 and 16), although the
NII diflerences are rather less.

The differences between middle and upper stratospheric winds and temperatures in
the southern hemisphere, as described in section 4 for August and September 1992 are
typical of SH winters. The pattern of differences in zonal mean winds and temperatures,
for all SI winters examined, are very similar to those shown in IFigs. 14 through 8.
During less active periods the magnitudes of the differences tend to be smaller; for
example the maximum differences in 10 hPa zonal mean temperatures was about 6 K
in late July 1993 (as opposed to about 10 K in September 1992), and maximum zonal
mean wind diflerences were about 8 m/s (as opposed to about 12 m/s).

During the sonthern hemisphere winter, it is not uncommon for the curvature of the
wind field at high latitudes in the middle and upper stratosphere to be such that the PV
gradient changes sign there. When this is the case, the UKMO ficlds sometimes show
unrealistic looking structures in winds and PV at high latitudes. An example of this
problem is shown in Ilig. 29, which depicts 840 K PV maps from the UKMO and NMC

analyses for 5 July 1993, This is probably again related to details of the polar filtering
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and representation of cross-polar flow in the UKMO grid-point model. This type of
problem is also reflected in the high latitude zonal mean wind field. The representation
of PV gradients at high latitudes could be important to dynamical studies such as
stability modeling, where results may depend critically on the curvature of the wind
field.

In a more general comparison of PV fields, we have found that the two analyses give
similar results in the lower stratosphere. The differences are mainly in the small scales,
which to some extent have been masked by the interpolation procedures used in this
study. The relatively small scale details would not be expected to have a large impact on
many studies of dynamics and transport in this region. At higher altitudes unrealistic
small scale structure increases in the UKMO PV fields; in the upper stratosphere, the
estimated error in the analyzed temperatures is larger, and the increased noise reflects
greater uncertainty in the stability term in the calculation of the PV ficlds.

The polar vortex in the upper stratosphere frequently appears larger and stronger
in the UKMOQO analyses. In the northern hemisphere mid- stratosphere, the UKMO
temperatures are slightly lower than NMC in the zonal mean at high latitudes. In the
southern hemisphere somewhat larger differences are found, leading to a significantly
larger stronger SH stratospherie vortex in the UK